To meet the demand of joint torque measurement for a modular reconfigurable robot, a harmonic drive built-in torque measuring method was proposed. The robot and its joint module and the torque measuring principle were first introduced. Based on the two-order ripple model, strains on the flexspline were then analyzed. A new measuing method based on double compensations was proposed. This method cancels out the first order ripples by individual channels, and then cancels out the remain ripples by weighted stacking the signals. The relationship between output signal and torque was given, and a new gain-tuning method was presented. Finally, a simulation was conducted. The simulation proves that the proposed torque measuring method is correct and of high accuracy.
Introduction
A modular reconfigurable robot (MRR) may carry out various tasks by assembling its modules to appropriate configurations. Force control is needed for some tasks. Therefore, torque sensors are important for an MRR. In contrast with structure-fixed industrial robots, an MRR has self-contained modules, so it is inherently suitable for embedding sensors into modules.
In general, a torque sensor employs one of the following approaches: electrical approach [1] , optical approach [2] , and electromagnetic approach [3] . All these approaches need elastic bodies to sense torque. The elastic bodies may change the mechanical structure, increase weight, and introduce flexibility. However, if a harmonic drive gear is used in a joint, its flexspline can also serve as an elastic body [4] , and hence all the above disadvantages will be overcome.
The strain on a flexspline is composed of two parts: the strain resulted in by torque and by the rotation of the wave generator. The former is the desired signal while the latter is the interference signal (it will be called ripples below). The ripples are mainly expressed by two models: the first-order model and the second-order model. The former only contains a sine (or cosine) wave which frequency is twice that of the wave generator rotation [4, 5] . The latter model contains sine (or cosine) waves which frequency are twice and quadruple that of the wave generator rotation [5] . Moreover, Godler et al. [5] also have investigated more-than-two-order models, despite that the second-order model is proved to be accurate enough [4, 5] .
To eliminate ripples, two methods can be employed. With the first method, ripples sensed by different strain gauges have 180° phase differences, thus they can be cancelled out by being added [4, 6, 7, 8] . Accordingly, it is called bridge compensation method here. The second method cancels out ripples by weighted stacking n channels of signals from independent half bridges [5, 9, 10, 11, 12, 13] . Accordingly, it is called weighted stacking method here. Besides, Taghirad et al. [7, 14] studied the application of Kalman filter for a harmonic drive torque sensor, but it may result in a time delay.
This paper studies a new built-in torque sensing method for harmonic drive. The second-order model is employed to analyze the strain of the flexspline. Then a new measuring method based on double compensations is proposed. The expression of the output of the system is given. A simulation including comparisons are conducted to verify the method.
Strain Analysis of a Harmonic Drive Flexspline
The torque measuring principle for robot joints. An MRR has a large configuration space, and hence it is flexible to various tasks. An MRR consists of some types of modules, such as joint modules, link modules, end-effector modules, etc. These modules form a module library [15, 16] . For a specific task, the modules can be assembled to an appropriate configuration to perform the task [17] . As shown in Fig. 1a , a harmonic drive is used as an output-level gearbox for the joint module.
When torque is measured by electromotive strain method, an elastic body is necessary. Then the strain gauges cemented onto the elastic body are connected to a bridge to measuring the strains. The flexspline of the harmonic drive deforms greatly when transmitting torque. Consequently, it can serve as an elastic body. The strain on the area shown in Fig.1b has appropriate magnitude, grads, and is suitable for laying wires, so the area is specified for cementing strain gauges. Strain Analysis of the Flexspline due to Torque. For strain gauges only sense linear strain, the directions of principal strains should be found out. As shown in Fig. 2a and b, a sectorial element is taken from the flexspline, and we obtain the shear stress as
where T is the applied torque, r is the distance from the element to the center of the flexspline, and t is the thickness of the flexspline. Considering that τ r =τ r+dr when dr 0, we find that the sectorial element shown in Fig. 2b can be equivalent to a square element shown in Fig. 2c , and we have Subsequently, we obtain the principle stresses as
and we have tan2α 0 =-2τ xy /(σ x -σ y ) +∞, namely, α 0 equals 45° or 135°. The angles indicate that the normal of the principle plane relating to σ max is at an angle of α 0 =45° from x axis, and the normal of the principle plane relating to σ min is at an angle of α 0 =135° from x axis.
Manufacturing Process and Equipment
According to the generalized Hook's law, we have
Moreover, the directions of the principle strains are the same as that of the principle stresses. Therefore, strain gauges axes should coincide with the directions of the major or minor principle strain, and the sensed strain due to torque is
Analysis of the Strain due to Deformation. When a wave generator rotates, its ellipse cam makes the flexspline deformation along its major axis, and thus the flexspline turns to be the same ellipse. Based on the second-order model, the strain due to this deformation is sin 2 sin 4 sin 2 sin 4
where G ω is the angular velocity, and β is the rotation angle of the wave generator.
The flexspline and the wave generator have axial symmetrical structures, and the two strain gauges on the same position are also symmetrical. As shown in Fig. 3 , the strain gauges R 11 and R 12 are cemented onto the flexspline, cross at 90°, and will be connected to neighboring bridge arms. From Eq. (6) Composition of the Strains. The strains sensed by strain gauges R 11 and R 12 are composed of two components: the strain due to torque and the strain due to deformation, namely, 11 11 11 12 12 12 ,
Besides, we know that 11 12 t t t ε ε ε = − = (9) Eq. (5), (7) , and (9) are substituted into (8) , and then we obtain 
Design of the Torque Sensor
Strain Gauge Distribution and Bridge connection. A new double-compensation based method is employed for the torque sensor. The concept of the method is that the first order ripples will be cancelled out by three individual full bridges, and then the remain ripples will be cancelled out by weighted stacking the bridge signals. The strain gauge distribution is shown in Fig. 4 . All the strain gauges are arranged into three groups. Each group has four strain gauges, and every two strain gauges are cemented onto the same position and cross at 90°. All the strain gauges are placed on the flexspline at the radius of 30mm, and they are denoted by R ij , where the subscript i denotes the i-th group, and j denotes the j-th strain gauge in the i-th group. The measuring circuit diagram is shown in Fig. 5 . Each group of the strain gauges forms a Wheatstone bridge. Each bridge is an independent channel. The signals of the three channels will be weighted stacked, and the gain factors (weights) will be tuned by solving a set of equations. ε ε ε ε ε = − + − (11) Suppose that the circumferential position for strain gauges R 11 and R 12 is β 1a , and it is β 1b for R 13 and R 14 . From Eq. (10) and (11), we obtain 
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Let k 1 =k 2 =k 3 =1，then we obtain U out = 3UKε t (15) Eq. (15) shows that all the ripples can be cancelled out simultaneously when the strain gauges have no position errors. Eq. (5) is substituted into Eq. (15) , and then the output of the overall system is From (16), we find that this system's output is higher than many other systems: it triples the output of single full bridge, and twice the output of three-half-bridge weighted stacking method [5] .
Gain Factor Tuning
In fact, the position errors are inevitable. As a result, the ripples cannot be cancelled out perfectly. Tuning the gain factor can compensate the majority of the ripples [10] . From the second-order model, we find that the first-order and the second-order ripples can hardly be cancelled out completely. However, a least square solution of the gain factors can be derived. Let k 3 =1, and we can obtain
where ∆U i,j is the measurement difference of bridge i sampled at the time between j+1 and j. furthermore, by sampling the three channels' outputs continuously, a series of incompatible equations can be obtained, and they can be expressed in following matrix form:
i Then, the least square solution of K can be derived as
Simulation
In this section, a solution of the gain factors will be computed after a set of cementing errors are preset, and then the gain factors will be used to compute the final output of the proposed method.
Let the cementing errors (circumferential positions) be In the simulation, the following equations are used to simulate the practical output (U out,2 ' and U out,3 ' are omitted here for they are similar to U out,1 '): 
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From Eq. (18), we derive the outputs of the three bridges, and hence all the entries of ∆U and b. Let k 3 =1, and then we solve that k 1 =1.0653, and k 2 =1.0488.
Multiplying the outputs of the channels and the corresponding gain factors, we derive the final signal, which is shown in Fig. 6a . The output signals of the three channels are also given in the figure so as to compare them. In Fig. 6a , the direct stacking curve denotes the sum of three channels with all weights are 1's, and the weighted stacking curve denotes the output of proposed method.
As shown in Fig 6b, the proposed method is also compared with the three-half-bridge weighted stacking method, i.e., the reference method. To ensure that the compassion is fair, the simulated practical signals are identical.
As shown in Fig.6b , the proposed method before gain factors tuned and the reference method have little difference, however, after gain factor tuned, the proposed method is better. In fact, the magnitudes of the desired signal (resulted in by torque) are different, so the relative error is much less than those of other methods.
Conclusions and the future work
(1) The second-order model is used to analyze the strain of the flexspline in detail.
(2) A new torque measuring method is proposed. The measuring circuit consists of three independent full bridges. After the first-order ripples cancelled out by the full bridges, the signals are weighted stacked to cancel out the remaining ripples. (3) The tuning method for the gain factors is presented. By solving about 20 incompatible equations, the gain factors can be obtained with good enough accuracy. (4) The proposed method effectively cancels out the ripples, and be adequate for using in an MRR.
In the future, a torque sensor prototype will be developed, and tests and experiments should be conducted to verify the performance of the proposed torque sensor. 
